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FOREWORD

Improvement of land mobility technology — a major goal of
the U.S. Army Tank-Automotive Command (TACOM) — requires simula-
tion of the interaction of the terrain, the vehicle, and man.
Under TACOM contracts, Grumman has developed mathematical models
of rigid wheel-=soil and pneumatic tire=-soil interaction conceived
as alternate submodels in the AMC (Army Material Command) Mobility
Model. 1In these first generation mathematical models, the terrain
was assumed homogeneous throughout its depth and characterized by
one set of Coulomb strength parameters. A great number of tire
tests have been performed in homogeneous soil beds at the U.S. Army
ﬁngineers Waterways Experiment Station and elsewhere. These have
made validating these models possible for a great variety of homo-

geneous soil conditions.

In the field, however, soil conditions are rarely homogeneous.
Precipitation and evaporation give rise to a moisture gradient
throughout the depth profile of the terrain and to corresponding
changes in the strength properties of soil. Characterization of
such soil conditions requires the consideration of Coulomb strength
parameters that vary with depth, either discretely or continuously.
Theoretical research performed under the present contract has shown
that the plasticity theory can be applied for the determination of
stress states in nonhomogeneous soil conditions. 1In this report,
the results of this research are presented together with their ap-
plication in the tire-soil model for the consideration of nonuni-

form and layered soil conditions.
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ABSTRACT

Mathematical models of tire~soil interaction have been de-
veloped for nonhomogeneous soil conditions where the soil strength
varies either continuously or discretely with depth. New methods
of solving the differential equations of plasticity for soils have
been developed for the beafing capacity problem in two-layer soils.
Composite slip line fields obtained by these methods and the asso-
ciated bearing stresses are shown for two cases: upper layer
stronger than the lower layer and upper layer weaker than the lower
layer. An approximate procedure, based on these composite slip
line fields, is given for the estimation of bearing stresses in two-
layer soils, This approximate procedure is applied in a tire-soil
model expanded for the consideration of two=-layer soils. The simu-~
lation of tire performance by this expanded model is compared with
results of small-scale mobility tests performed at the U.S. Army

Engineer's Waterways Experiment Station (WES) in layered soils.

Field methods of determining soil properties in layered soils
are examined, and a modification of ring shear tests is recommended
for the determination of the strength of individual layers in

layered soils.,
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I. SCOPE OF WORK

The scope of work, as originally described in the RFP work

statement, was to establish a mathematical simulation of tire-

soil interaction for soil conditions that vary with depth. With~

in this general scope emphasis was placed on the following items:

Development of solution methods for the
differential equations of plasticity
for soil strength varying continuously

with depth

Development of solution methods for the
differential equations of plasticity for
discrete variation of soil strength with

depth (layered systems)

Application of the above solution methods

in tire-soil interaction simulation

Evaluation of present field techniques of
soil property determination to assess their
suitability to characterize soil with a

variable strength profile




II. THEORETICAL BACKGROUND

A characteristic feature of soil deposits is that their
strength and other properties inherently vary with depth. 1In
soil mechanics, many theories and analytical methods have been
put forward to allow proper consideration of this feature in the
solution of the various soil engineering problems. As early as
in 1934 Froehlich (Ref. 1) proposed the use of an elastic modulus
linearly increasing with depth for the computation of settlements
and developed appropriate formulas using the theory of elasticity.
Burmister applied the theory of elasticity for the computation of
stresses and displacements in layered systems (Ref. 2). 1In elas~-
ticity, he considered two kinds of boundary conditions at the layer
interfaces: 1) full continuity of stresses and displacements
across the interface (no limitations on shear stresses on account
of shear strength of soils) and 2) continuity of normal stress
and normal displacement with a frictionless interface that allows
relative displacement of the adjoining layers along the interface.
In his theory each layer is considered homogeneous and is charac-
terized by its elastic modulus and Poisson's ratio. The numerical
evaluation of the general equations for layered systems set forth
by Burmister indicated that the boundary conditions at the layer
interface, the ratio of the elastic moduli of the adjoining layers,
and the ratio of the upper layer thickness to the dimensions of the
loaded area strongly influence the distribution of stresses due to

surface loading.

In tire-soil interaction problems of interest the stress
levels in soil far exceed those for which the theory of elasticity
applies. 1In the theory of plasticity there is no general treat~

ment of layered systems. Sokolovskii (Ref, 3) treated a very




special case of layered systems — that of a "lamellar medium'" —
where the layering is such that on horizontal planes the shear
stresses may not exceed a value defined by a Coulomb type failure
condition along the horizontal plane. 1In the theory of plasticity
for soils, as it was pointed out in Ref. 4, the deformations in

the soil that occur prior to the plastic state are disregarded,

and the stress states are calculated solely on the basis of Mohr-
Coulomb yield criterion. As a consequence, in a logical expansion
of the plasticity theory to layered systems the boundary conditions
at layer interfaces have to be defined in terms of stresses alone,
as follows: Normal and shear stresses across the interface boundary
must be continuous. The shear stress at the interface may not ex-
ceed the shear strength of either adjoining layer. 1In mathematical

terms:

T: < <, + %h tan @z
(1)
T; < cu + % tan Py
In plasticity theory, elastic deformations are not considered.
However, the displacements due to plastic flow are subject to cer-
tain restraints. (A detailed discussion of the theory of velocity
fields that applies to these restraints is given in Ref. 5.) The
application of the theory of velocity fields to the boundary con-
ditions at the interface yields the following boundary conditions:
Velocity vectors normal to the interface must either be equal in
both layers or greater in the upper layer than in the lower 1aYer
so that separation along the boundary cannot occur. Velocity vec=-

tors tangential to the interface, however, can and usually will be

different so that one layer can slide past the other.

Solutions of the plasticity theory for soils constitute zones

of plastic equilibrium, also known as slip line fields. Certain




problems such as the bearing capacity or tire-soil interaction
problems require a composition of various types of zones (active,
passive, and radial zones). Solutions in layered systems will
also be composed of various zones that meet the boundary condi-~
tions at the layer interface. The adjoining zones in the two
layers are not required to be of the same type, and various con~
figurations are possible as long as the boundary conditions at
the interface are satisfied. These are discussed in more detail

in Section 1IV.

The consideration of a continuous variation of strength proper-~
ties in the solution of the differential equations of plasticity is
discussed in Ref. 6 for the case of a nonlinear Mohr-Coulomb strength
envelope. The case where the strength properties vary with depth
poses essentially the same type of problem as a nonlinear failure
envelope and requires only a modification of the numerical solution

procedures.

The problem of bearing capacity of soils exhibiting strength
properties that vary with depth either discretely or continuously
has been treated by various researchers, most of them using the
single failure surface mechanism approach applied in soil mechanics
for stability analyses. Tcheng (Ref. 8) performed bearing tests
on layered systems using sand and a special grease to model co~
hesive soils. Brown and Meyerhof (Ref. 9) investigated the bearing
capacity of two-layer purely cohesive soils. Salencon (Ref. 10)
treated the problem of bearing capacity of a purely cohesive soil
with linearly varying strength analytically. Yamaguchi and Terashi
(Ref. 11) presented analytical solutions to special bearing capacity

problems on multilayered ground.




III. CONSIDERATION OF CONTINUOUS VARIATION OF SOIL
STRENGTH WITH DEPTH IN THE TIRE-SOIL MODEL

The methods of numerical computations for the determination
of the geometry of slip line fields and associated stresses have
been discussed in detail in Refs, 4 through 6. For brevity, only
the differences in the computation methods mecessitated by the

consideration of strength variation with depth are discussed herein.

The variation of the strength properties with depth considered
in the tire~soil model are shown in Figs. 1 and 2. Figure 1 shows
the case where the ¢ intercept at the o=-axis 1is constant, while
Fig. 2 shows the more general stiuation when the ¢ intercept
varies with the assumed variation of soil strength. Because of
this variation of the v intercept the numerical solution methods
for the differential equations of plasticity for soils presented
in Ref. 6 have to be modified. 1In these solutions the principal
stress variable, o, 1is defined as the distance of the center of.
the Mohr circle from the intersection of Mohr-Coulomb envelope with
the o=axis (-¢). If y varies with depth, then the ¢ wvalues
have to be adjusted to this variation. Figure 3 shows the schematic
diagram of the computation of variables at an 1i,j mnodal point with
respect to this variation. 1In practice, it was found that one
iteration on the ¢ values for the determination of the appro-

priate strength values was satisfactory.

A more detailed flow chart for the computation of a single
slip line field (subroutine SLFI) for variable strength is given
in the appendix. 1In the computer program represented by the flow
chart, the following variation of the strength parameters with

depth is assumed.
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DETERMINE
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Z
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Fig. 3 Scheme for Computing the Variables o and ¢ at Nodal

Point 1, j for Strength Varying with Depth =z.




9, = o(1 + DCPZ)
c, = c(l + D.oh z) (2)
¥y, = ¢, cotan ¢,

Designation of the variables in the subroutine for the com-

putation of a single slip line field is as follows. Double sub-

scripted variables:

X(1,J) = xi,j (x coordinate of nodal point)

Z(1,J) = zi,j (z coordinate of nodal point)

S(1,J) = Oi,j ( %(01 + 03)+ ")

T(1,J) = ei,j (direction of major principal stress)
P(I,J) = 05,5 " v, = %(01 + 03)

The dimension statements for these subscripted variables cor-
respond to a 43 x 15 grid (I =1 to 45, J =1 to 15) for the com-
putation of the geometry of slip line fields.

Single subscripted variables designate the following values of

the variables at the interface at the '"j" 1line intersections.

D(J) = Uj (interface friction angle)
H(J) = aj (central angle)

Q(J) = qj (normal stress)

EQJ) = T (shear stress)

Uu(J) = xj (x coordinate of interface)
V() = zj (z coordinate of interface)

A(J), B(J), C(J) are auxiliary variables,
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Al =
PL =
XX =
XX =
XX =
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The main

and sinkage is essentially the same as reported for the tire-soil

model for uniform strength in Ref. 7.

Typical results obtained with the tire-soil model modified

for variable strength are shown in Fig. 4 where pull performancé

relationships

variation of soil strength with depth. Common input conditions

for these cases were:

Par ameters:

radius

v (unit weight)

c (cohesion at surface)

P (friction angle at surface)

3} (interface friction angle)

a, (entry angle in arc)

a (central angle at end of field)
ag (tangent angle to log spiral)
P, (limit pressure)

-1 for front field

+ 1 for rear field

2 for rear field only

DCP (constant for ¢ variation with depth)
DCoh (constant for ¢ variation with depth)

program for the computation of drawbar pull, torque,

are shown for four cases, each depicting a different
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Fig. 4 Comparison of Pull Performances for Soil Strength
Varying with Depth
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Tire Characteristics

Tire size . 9.00 -~ 14
Nominal radius 1,18 ft
Nominal width 0.74 ft
Inflation pressure 18.7 psi
Deflection 25%
Deflection coefficient 0.88 -
Load 850 1b
Soil Yuma Sand

Case No. 1 represents uniform conditions corresponding to a
cone index gradient (CGR) of 15, or ¢ = 44.7°. 1In Case No. 2,
the soil strength decreases linearly from ¢ = 44.,7° at the sur=-
face to ¢ = 39.7° at the deepest point of the slip line field.
Case No. 3 again represents uniform conditions where the soil
strength equals ¢ = 39.7°, the minimum soil strength in Case
No. 2. This friction angle corresponds to a CGR of 5.5. Finally,
in Case No. 4, the soil strength increases linearly from ¢ = 39,7°
to o9 = 44,7° at the deepest point of the slip line fields. As
is seen from Fig. 4, the pull performance for variable shear strength
is close to that in a uniform soil having the same strength as the

variable strength profile at the surface.

Figure 5 shows the computed distribution of normal and shear
stresses and, in the upper part, the deflection of the tire for
Case No. 1 at 20 percent slip, as obtained with the computer
graphics program. Figure 6 shows the same for Case No. 2. Note
that in the radial plot a rigid wheel with the nominal tire diame~

ter is shown for the convenience of plotting; the tire deformation

11




TIRE
DEFORMATION

NORMAL STRESS IN LB/SQ FT
SHEAR STRESS IN LB/SQ FT

o

Fig. 5 Distribution of Normal and Shear Stresses and Tire
Deflection, Case No. 1, 20% Slip
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TIRE
DEFORMATION

NORMAL STRESS IN LB/SQ FT
SHEAR STRESS IN LB/SQ FT

Fig. 6 Distribution of Normal and Shear Stresses and Tire
Deflection, Case No. 2, 20% Slip
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is shown separately at the top. The difference in the interface
stresses computed for the two cases is, indeed, minor and results

in little difference in pull performance.

The effect of a decreasing shear strength on the slip line
fields that develop underneath a tire is that the slip line fields

encompass a greater depth than those for uniform strength.

Figure 7a shows a typical rear slip line field obtained for
the conditions of Case 2 where the shear strength decreased from
about 45° at the surface to about 33° at the point of the
field. For comparison, the slip line field for Case 1 uniform

strength (9 = 45°) 1is alsc shown (Fig. 7b).

The growth of the slip line field in the 2z direction due to
a decreasing shear strength results in encountering layers of less
and less strength. At some rate of strength decrease, a progressive
process takes place for which no slip line field solution may be
found. This is interpreted as a condition where complete and deep
reaching failure would take place in the soil under the tire load,

indicating a "no go'" condition.

In conclusion, in sand the surface strength is the dominating
factor, but there is a limit to the rate of decrease at which a
no go situation occurs. In cohesive soils the situation is very
similar, as far as the limit of strength decrease is concerned at
which no go condition sets in. The effect of strength decrease on
pull performance is less pronounced than in sand and sometimes para=-
doxical in that higher pull performance is obtained with decreasing
strength. The explanation of this paradox is shown in Fig. 8. The
development of the interface shear stress depends on the angle b5

and equals

T = (on + ) tan b (3)

14




a) FOR CASE 2, ¢ DECREASING FROM 45° To 33°

b) FOR CASE 1, ¢ = 145°

Fig. 7 Rear Slip Line Fields
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In this equation ¢ tan & 1is the contribution of the cohesion
to the interface stress that may be called adhesion. The pull per-
formance is governed by the ratio of the interface shear stress to
the normal stress, or tan &' in Fig. 8. A decreasing shear
strength reduces the normal stresses while not affecting =+t that
depends on the surface shear strength and &. Thus, in cohesive
soils the T/Un ratio generally increases as the shear strength
decreases with depth. 1If the effect of the increase of the /¢
ratio is not set off by an increase in sinkage, then pull perfor-

mance improves with a shear strength that decreases with depth.

Y

Fig. 8 Development of Interface Shear Stresses in Cohesive Soil
The conclusions that can be drawn from the tire-soil model for

soil strength varying with depth is that the surface strength has

more influence on the pull performance than the strength of the

16




underlying layers as long as the strength decrease does not result
in a critical no go situation. It is recommended that criteria
for the rate of strength decrease that results in such a situation

be established by further research.

In these analyses a linear variation of soil strength with
depth was assumed. Other relationships that describe strength
variation with depth may also be assumed and appropriately intro-
duced into the program. No difficulties are expected to occur
with other forms of strength variation as long as the variation

is smooth,

17




IV. THE EFFECT OF DISCRETE LAYERING ON THE MAGNITUDE
AND DISTRIBUTION OF FAILURE STRESSES

The concept of tire-soil interaction developed for homogene-
ous soil conditions postulates that the soil is in the plastic
state of failure whenever the failure stresses at the tire-soil
interface are less than the limit pressure characteristic of the
tire. Stresses in soil in the plastic state of failure are de-~
termined by the numerical integration of the differential equa~-
tions of plasticity for soils; the orientation of failure surfaces
and the extent of the plastic state are represented by the slip

line field obtained in the course of numerical integration.

To develop a method for determining the effect of discrete
layering on tire-soil interaction, the problem of constructing a
single slip line field must first be solved. Since this problem
has not been treated previously in two-layer soils, it is expedient
to choose an approach where the problems of discrete layering may
be solved without the complications inherent in the slip line field
calculations in the tire-soil interaction problem. The simple Ewo

dimensional bearing capacity case is suitable for this purpose.

PROBLEMS ENCOUNTERED

Originally it was planned to develop solution methods for the
bearing capacity of two-layer soils by using a common grid system
in both layers and use auxiliary nodal points at the locations
where the slip lines cross the interface boundary. Computer pro-
grams were written for the necessary algorithms for the computation
of the coordinates and stress states at these auxiliary points, but
unexpected problems arose in connection with certain situations

illustrated in Fig. 9. In the numerical computation scheme, the

18




a)

i-1, J LAYER 1

HYPOTHETICA

L
i,j POINT

LAYER 2

i, j POINT COMPUTED FROM
AUXILIARY POINTS

b) i, j-1
LAYER 1
LAYER 2
\\\ HYPOTHETICAL i-1j POINT
HYPOTHETICAL i,j POINT
c)
1, §-17 4 LAYER 1
LAYER 2
. 2,0
i, j*
i-1, j
Fig. 9

Computation of Nodal Points at Layer Interfaces
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variables are computed at an 1i,j point from the values at the
i-1,7 and 1i,j-1 points. If both of these points are in the
same layer (as shown in Fig. 9a), there is no problem. If the

two points are in different layers, but hypothetical points (as
they were in the adjacent layer) may be computed (as shown in

Fig. 9b), the problem solution requires additional storage of data
for hypothetical points. The problem for which no satisfactory
solution has been found is shown in Fig. 9c,where the nodal points
required to compute a hypothetical point for 1i,j are not in the
same layer and a hypothetical i,j-1 point is not available from
previous computations. Various methods have been tried to over-
come this problem by using estimated values for these points, but

none has proved to be generally satisfactory.

From the many trial computations performed for this approach
it became evident that using separate grid systems in the two layers
has a better chance of success. It was also concluded that dif-
ferent solution methods would be required, depending upon whether

the upper layer is stronger than the lower one, or vice versa.

RELATIVE STRENGTH OF LAYERS

There are several cases with respect to the relative strength

of the layers in a two-layer system,

Case 1
For a given normal stress, 0 and for 9y < G5 i.e.,

cu + Un tan @u < cl + On tan @1 (4)

The subscripts u and 1 refer to upper and lower layer, respec-
tively. This condition is represented schematically by the Mohr-

Coulomb construction shown in Fig. 10.
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Case 2

For a given normal stress, s and for o1 < Oy i.e.,

(5)

c1 + Gn tan @1 < cu + Gn tan @u

This condition is represented schematically in Fig. 10a also, ex~

cept that the u and 1 subscripts are everywhere interchanged.

Case 3

There is a Ycrossover" normal stress, S where the
strength of the upper layer equals that of the lower layer. For
% < o>

¢, + o, tan 9y < c, + o tan o (6)

and for a given normal stress, s greater than the crossover

normal stress, O.»

c, t o, tan ¢ < ¢y + o tan 9 (7)
This condition is shown schematically in Fig. 11.

Case 4

Case 4 is the reverse of Case 3 with the u and 1 sub-

scripts interchanged.

If the maximum normal stress at the interface is less than
o, in a certain problem, then Cases 3 and 4 revert to Cases 1 and
2, respectively. If O is within the range of normal stresses
that are transmitted through the interface in a certain situation,
then there is relatively little difference in the strength of the
two layers, and an acceptable approximation may be found by treat~-

ing the case at homogeneous soil with strength properties averaged
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between the two layers. For these reasons the solution method

discussed in the following are restricted to Case 1 and 2.

SOLUTION METHOD FOR CASE 1

A solution of the simple two dimensional bearing capacity
problem must satisfy the boundary conditions at both the sufface
and at the layer interface. The boundary conditions at the layer
interface require the continuity of normal and shear stresses
across the interface with the additional condition that the shear
stress may not exceed the strength of the weaker layer. Since the
strength of soils depends on the normal stress, it is convenient
to express the condition on shear strength in terms of the layer
interface friction angle & (a concept similar to the tire-soil
interface friction angle). The strength of the upper layer may be

expressed as
Sy = (cu + cn) tan ¢
and the shear stress at the interface

Ty = (cu + on) tan &

T, = (cz + on) tan 6,
(cu + cr) tan 5 = (cg + on) tan 5, < (cu + on) tan o
5, < ©
c_ +o0 c_ +o0

u n
tan o, = <, tgn 5, ¢

n
tan o (8)
c, + 0o, u

The shear stresses and 6u angles generated at the layer in~-
terface by a slip line field in the upper layer vary from O in

the passive zone to

23




and

at the point where the interface is tangent to a "j" slip line.
At this point, the interface is a slip line and 6u = 9, The
variation of B, angle in a slip line field is shown in Fig. 12.
The slip line field in the area (ABCDE) may be constructed without
interference from the lower layer. The dash-dot line to the right
from the point where 6u = 6max indicates the variation of & for
hypothetical uniform soil conditions, i.e., that would occur along

the line of the interface if soil conditions did not change across
that line.

The 6 angle, the direction of the major principal stress,

ig computed from the & angle as follows (Ref. 12)

9=(1-k)7-£-+(kA—6) (9
where
. s8in B
A = arc sin -5
sin ¢
k = +1 in the passive case

k = -1 in the active case
The passive case k = 41 1includes all stress states where
Onf 2 % > 93
and the active case (k = ~-1) all stress states where
OLf < o, < o1

O f = normal stress at the failure plane (Fig. 13)
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Point D at the interface (Fig. 12) (where o, and

o
0, = mu) is the point that separates the k = +1 andnfk = -1
stress states. The variation of the 6 angle along the line of

the interface in the hypothetical uniform case would be continuous
even though k could change at point "d" from -1 to +1, since
Eq. (9) yields the same value for 6 with either value, if B, =

@u. In this case
A=arc sinl=3r7

(10)

Fl=
S|
1

Nl
hs

k =37 -9 =

I
+
-

-
D

k==-1 , 6=37T+3(-3T-9)=%T-309

In the case of the bearing capacity problem, the only con-
ceivable solutions are those where the character of stress state
(the "k" wvalue) does not change across the interface. (A change
in the k wvalue would result in a permissible, but inappropriate
stress discontinuity along the interface.) Thus, the boundary con-
ditions at the interface for a slip line field solution in the lower
layer are characterized by a k = -1 along (DC) and a k = +1
value along (DF). The 6 values along the interface can be com-
puted by Eq. (9). At an infinitesimal distance to the right of
point D, 6 in the lower layer could be computed using k = +1,
while at an infinitesimal distance to the left, it could be com~
puted using k = -1, While in the upper layer this change of the
sign of k does not affect the continuity of 6, in the lower
layer, where & < ©, there will be a discontinuity in 6 at this
point. This situation has been recognized as identical to that at
the singular point of the bearing capacity case (point A in Fig. 12)
requiring a radial zone to accommodate this discontinuity. Since
the boundary conditions along (DC) are also defined by the con-

tinuity condition on the normal and shear stresses, a slip line
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field can be constructed in the lower layer for any assumed varia-
tion of & (or 6) along DF. In lieu of anything better, it was
assumed that & along DF would change the same way as in the case

of uniform soil conditions.

The slip line field in the lower layer yields the normal and
shear stresses at the DF portion of the interface from which the
values of all four variables (x, z, 0, and 6) for the upper
layer strength parameters can be computed. These constitute the
boundary conditions for which an active zone type slip line field
may be constituted in the upper layer. Thus, the solution in Case 1
consists of three fields, as shown in Fig. 14, Field (abcd) 1is a
regular slip line field cut off at the interface. Field (cdefghi)
is a bearing capacity field consisting of the regular three zones
but for a variable & as boundary conditions at the interface.
Field (efij) consists only of an active zone. For the computation
of this field, auxiliary points are needed in the zone bounded by
the line (jklm).

A computer program was written for the computation of a com~
posite slip line field comprising the three types of fields shown
in Fig. 14. Typical composite slip line fields are shown in Fig. 1l5a

through 15g for the following strength properties of the two layers:

Upper Layer Lower Layer
c ) Y c P Y
ig. | (1b/sq ft) (deg) (ib/cu £t) | (1b/sq ft) (deg) (1b/cu ft)
15a 10 30 100 14,50 40 100
15b 10 30 100 10 35 100
15¢c 80 20 100 100 25 100
15d 50 20 100 100 20 100
15e 50 10 100 80 10 100
15f 10 20 100 10 30 100
15g 10 10 100 20 12 100
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Fig. 12 Variation of 6 Angle at the Layer Interface
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The construction of these composite slip line fields is not
necessarily feasible for all combinations of the strength proper-
ties of the two layers. If the upper léyer is very weak compared
to the lower one, then the last portion of the composite field
(eijk in Fig. 14) cannot be constructed. The reason for this is
that the upper weak layer cannot transmit stresses high enough to
result in a plastic state of failure in the lower, stronger layer.
The composite field represents situations where both layers are in

the plastic state of failure under the applied load.

The case when the relative strength of the two layers is such
that the lower, stronger layer is not in the plastic state failure
under the applied load requires another method of analysis of the
stresses in the upper layer. Generally, the constraints on a stress
field in the upper layer exercised by a rigid base are such that
there is no complete solution for the bearing capacity problem (an
incomplete solution would leave the stress states in certain areas
unresolved). In such a case kinematically admissible slip line
fields (upper bound solutions) may be used to estimate an upper
bound for the bearing stresses. Such a field for the case of 9 =0
is shown in Fig. 16. Implications of such a slip line field are
discussed in connection with the problem of slipperiness in Sec~-

tion VI.

Typical bearing stresses calculated on the basis of composite
slip line fie l1ds are shown in Figs. 17a through 17e for the fol-

lowing conditions:
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PASSIVE

RESISTANCE
LAYER 1

LAYER 2

Fig. 16 Kinematic Slip Line Field for ¢ = 0, Strong
Bottom Layer

Upper Laver Lower Layer
c Q Y c ¢ Y
igd (1b/sq ft) | (deg) | (1b/cu ft) | (1b/sq ft) | (deg) | (1b/cm ft
17a 10 30 100 14.5 40 100
17b 80 20 100 100 25 100
17c 10 35 100 10 30 100
17d 0.2 30 100 0.24 35 100
17e 10 20 100 10 30 100

In these figures square or diamond symbols indicate the

bearing stresses obtained from the composite slip line fields.

Dashed lines show, for comparison, bearing stresses computed for
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hypothetical uniform soil conditions, assuming that the uniform
soil has the strength properties of either the upper or the lower

layer.

Figures 17a through 17e indicate that there is a jump in the
normal stresses at the point where the lower layer starts to af-
fect the slip line field in the upper layer. It is necessary to
examine whether such a jump is permissible or not. One way to
analyze this situation is to consider the normal stresses to the
left of the jump as a surcharge and analyze whether a bearing
failure due to the jump in the normal stresses is possible, 1In
the cases shown the stress difference at the jump is not enough to
cause such a failure, indicating that the upper layer is able to
sustain the stress difference. Nevertheless, the slip line field
associated with such stress differences is a different one from
that of the composite field and one could speculate that the stress
states in the soil would adjust to minimize the stress jump. Such
an adjustment may take place by the development of opposing shear
stresses beneath the footing. These shear stresses could increase
the lower bearing stresses to the right of the jump and decrease
the higher bearing stresses to the left. The effect of such shear
stresses is illustrated in Fig. 17f, which shows the bearing stresses
computed for an interface friction angle of 5 = +5° from the edge
of the footing to the stress jump and for & = =-5° past the jump.
The figure shows that these opposite shear stresses tend to lessen
the jump of the magnitude in the normal stresses and could con-
ceivably completely eliminate the jump. The composite slip line

field for these conditions is shown in Fig. 18.

This equalization of the normal stresses due to the develop-
ment of shear stresses is very likely to occur in actuality. Un-

fortunately, there is neither a theoretical basis nor experimental
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information that would allow to estimate these shear stresses or
their distribution quantitatively. Because of this unknown factor,
the bearing stresses computed without the consideration of shear
stress developments are considered as limits only. Further theo-
retical and exper mental research, including measurements of the
shear stresses under various conditions, is needed for better under-
standing of the phenomena and the development of a theory to take

these shear stresses properly into account.

SOLUTION METHOD FOR CASE 2

In Case 2 the upper layer is the stronger one. Consequently,
the strength of the lower layer limits the shear stresses that are
generated in an upper layer slip line field along the interface.
The construction of an upper layer slip line field cannot be con-
tinued if at any location along the interface the following condi-
tion holds:

T >

T
= max

= (Cﬂ + cn) tan ¢ (11)

£

If the limitation on the shear stresses is ignored and the
construction of the slip line field continued, hypothetical shear
stresses along the interface may be determined. These indicate
that the shear stresses exceed the shear strength of the lower
layer along some length of the interface. Thus, this length of the
interface must be a slip line in a field in the lower layer, a basic
feature of a failure mechanism that is intuitively recognized as
correct. This feature has to be incorporated in a composite slip
line field that comprises the plastic zones in both layers. Fig-
ure 19 shows schematically the various zones of such a composite

slip line field.
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In the upper layer, field (abed) is composed of the usual
three zones (active, passive, and radial). The field is bounded at
the left side by the "i" 1line, which at the crossover point at
the interface produces shear stresses equal to the shear strength
of the lower layer. In the lower layer, the field (cdefgh) 1is a
special one, which, contrary to the usual fields, does not have a
radial zone and a singular point. Inétead, a "square'" zone provides
the transition from the active zone to the passive zone. The top
line of this square zone is.a "j" slip line. To construct this
field, the & values along (ef) are assumed to vary in a similar
manner as they would in a field for uniform soil conditions. The
field (efij) is similar to that in Case 1. Auxiliary points are
needed (within the area indicated by dashed line) for the computa-
tion of this field.

The method of computation of each of these fields is essentially
the same as in Case 1 except for the square field (degh), which re-

quires special consideration.

The top j 1line in this field coincides with the interface
where the interface friction angle & equals ¢ and is constant
along (de). The angle of inclination of the major principal stress

(01) is also constant and equals
6=3+mT-%0 (12)

For the computation of this field, values of all four variables
(x, z, oy, and 6) of the differential equations of plasticity must
be given along (de). At point d the normal and shear stress
transmitted from the upper layer are known, and the value of ¢
may be computed therefrom. The distance (de) is divided into
equal intervals designating the end locations of i 1lines. For
the determination of the o wvalues associated with these points,

the following considerations apply.
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The differential equation of plasticity that governs the o

variation is as follows (Ref. 3):

do + 20 tan ¢ d6 = y(dz + tan ¢ dx) (13)

As explained previously, along (de) 6 = constant, and for
an interface parallel with the x=-axis, 2z = constant. Conse-

quently d6 = 0 and dz = 0 and Eq. (13) is reduced to
do = v tan o dx (14)
This allows the computation of o along (de).

With the values of all four variables defined along (de),
the slip line field in the square zone may be computed. The length
of (de) is, however, not known and has to be estimated. The com-

putation of the rest of the composite field is similar to that in

Case 1.

Figures 20a and 20b show typical composite slip line fields

for the following conditions:

Upper Layer Lower Layer
c ® Y o ® Y
ieg. | (1b/sq ft) | (deg) | (1b/cu £ft) | (1b/sq ft) | (deg) | (1b/cu ft)l
20a 10 35 100 10 30 100
20b 100 25 100 80 20 100

The computed bearing stresses for these cases are shown in
Figs. 21a and 21b. The jump in the bearing stresses shown in these
figures would be alleviated by opposite directed shear stresses de-

veloping at the base of the footing, just as it was shown for

Case 1.
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b)

Fig. 20 Composite Slip Line Fields for Two-Layer Soils
in Case 2
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EVALUATION OF THE EFFECTS OF DISCRETE LAYERING ON THE FAILURE
NORMAL STRESSES

The distribution of bearing stresses obtained from the com-
posite slip line fields for a two-layer system is characterized as
consisting of two parts separated by a jump. The first part ex-
tends from the edge to a distance within which a slip line field
for the upper layer can be constructed without interference from
the lower layer. The second part extends from this point to the
end of the composite slip line field. 1In the first part the bear-
ing stresses are identical with that for uniform soil with the
strength of the upper layer. 1In the second part the bearing stresses
closely parallel that for uniform soil with the strength of the lower
layer, but there is a shift in the magnitude of these stresses. For
Case 1 this shift in the bearing stresses can be approximately deter-
mined, as shown in Fig., 22. The bearing stress at the point of in-
terference ("A") (where the j slip line ending at this point
touches the layer interface) equals that for the first layer, plus
the difference between the edge bearing stress for upper layer

strength and that for lower layer strength computed as if the soil

were uniform.

In Case 2, the bearing stress at this point can be approxi-
mately calculated from the o wvalue at point "e" (Fig. 19),
since the o value is practically unchanged in the field (efij).
The normal stresses at (EE) aré, however, affected by the b

value at (I}) and can be calculated as follows:

q =o0cos & (cos B +‘Jc0326 - coszw) -y (15)

Thus, the bearing stresses in a two-layer system can be ap-
proximately calculated from the bearing stresses calculated for

uniform soil with the strength of each of the layers and from the
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magnitude of the shift at point A calculated by the methods dis-

cussed above. These bearing stresses, however, can be considered

as limits only. The actual bearing stress depends on the develop-
ment of oppositely directed shear stresses at the base. These
shear stresses reduce the magnitude of the shift in the bearing
stresses.,
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V. TIRE-SOIL MODEL FOR TWO~-LAYER SOILS

_ The methods of constructing composite slip line fields (de-
scribed in Section IV) for the bearing capacity problem in two-

layer soils can be directly applied in the tire~soil model. How-~
ever, the resulting discontinuous stress distribution would present
serious problems in the various iteration schemes employed in that
model, For example, the entry angle there is found by iteration on
the condition that the normal stress at the angle of separation,

q» computed from the slip line field, should match the limit
pressure p, within an allowable tolerance limit. If the value

of q. falls within the magnitude of the jump of the normal stresses
at the point of stress discontinuity, then this condition cannot be
satisfied and some other means of finding the entry angle would have
to be devised. At any rate, the more complex computations associated
with the construction of composite slip line fields and the problems
of iterations in the case of stress discontinuity would require a
very elaborate computation scheme accompanied by a great increase in

computing time,

The methods for estimating the interface normal stresses in a
two~layer system on the basis of normal stresses computed for uni-
form soil conditions (described in Section IV) offer a more practi-
cal solution for the tire~soil interaction problem in two-layer
soils. 1Instead of using composite slip line fields for the compu-
tation of interface stresses, the approximate method is applied for
the estimation of these stresses. Accordingly, the interface stresses
are computed first for the strength parameters of the upper layer.

The locations where the lower layer causes a jump in the normal
stresses are determined, and the approximate value of the jump is

computed. In the second step the interface stresses are computed
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with the strength parameters of the lower layer assuming the same
centerline geometry as in the first step. The interface stress
distribution for the two~-layer soil is then determined by shifting
the normal stresses computed with the strength parameters of the
lower layer by the appropriate amount within the locations of the
stress jumps detemmined earlier, The load, drawbar pull, and tor-
que are determined for this interface stress distribution. The
procedure is repeated, if necessary, for a new centerline geometry
until the computed load is within the tolerance limits for the in-
put load. The computation scheme is shown diagrammatically in

Fig. 23. A more detailed flow diagram is given in the appendix.

An optional provision in the scheme allows the consideration
of the equalization effect of opposite directed shear stresses
(discussed in Section IV). A linearly varying value of the inter-
face friction angle is superimposed on the uniform & normally

assumed in tire~-soil interaction.

A typical interface normal stress distribution computed by
this method for two-layer soils is shown in Fig. 24. The following

limitations apply to the use of the model:

. The model applies only to cases where the
deformed centerline of the tire is com-

pletely in the upper layer

* The strength conditions are such that both
the cohesion and the friction angle of the
upper layer is either higher or lower than

that of the lower layer (Case 1 and Case 2)

The pull performances estimated by this tire-layered soil model
were compared with experiments performed at WES (Ref. 13). Because

of the difficulties involved with the preparation of layered soil
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beds where the strength of each layer is controlled, the experi~-
ments at WES were performed in a small soil bin with 2.50-4 tires.
Even though great care was taken to prepare each layer with the
specified strength, small deviations in the strength properties in-
evitably occurred, and all test data had to be normalized to allow
a meaningful evaluation of the effects of layering. For that
reason, the normalized test data, instead of individual test data,
were used in the comparison with performance predictions by the

model,

In the experiments, the differences in pull performances due
to the lower layer were found to be relatively small., To predict
such small differences, it was necessary to duplicate the pull per=-
formance of so-called "base line'" tests closely. 1In the develop-
ment of the tire=-soil model (Ref. 7), various relationships that
define the model parameters (limit pressure, deflection coefficients,
slip coefficients) were developed from the analysis of tire per-~
formance tests conducted on tires 4.,00-7 and larger. For the
small 2.50-4 tire used in the experiments in two-layer soils, the
model parameters eétimated on the basis of these relationships
yielded predictions generally acceptable, but not accurate enough
for use in analyzing small differences in pull performances ob-
served in the small scale mobility tests on layered soils. Thus
it was desirable to make adjustments in these parameters so that
the base line performances could be more closely duplicated. An
uncertainty arose, however, with the shear=-slip coefficients in
the equation

-3+ ) /K

tan & = tan 6max<1 - e )

(16)
-(3+i )/K
. (1-e(J+J°) )
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Since various combinations of the constants jo and K can
yield the same & wvalue, it was not possible to establish firm
values for these constants from the small scale mobility tests that
were performed only for one value of the slip j, at approximately
j = 20 percent. To avoid the problems associated with establishing
the values of jo and K for the small scale mobility tests, it
was found sufficient for the comparative analysis of these tests to

establish the degree of shear mobilization defined as:

7 _tan ®
=7 " tan b (17)
max max

The degree of shear mobilization, as defined by Eq. (17), was
established for the base line tests and retained in the performance

simulation of two-layer conditions.

In the tests, the strength properties of the upper and lower
layer were determined by cone penetration tests; the values of cone
indices are shown in the respective columns. 1In the tire-layered
soil model the strength properties of each layer are characterized
by its Coulomb strength parameters. For the purpose of comparing
the measured and predicted tire performances the cone index values
have been converted to Coulomb strength parameters by the relation=-
ships established for the Buckshot clay in Ref., 7. These relation-

ships are as follows:

11.5 CI

c(1lb/sq ft)
(18)
¢(deg) = 0.25cCI
The results of the small scale mobility tests performed in
Buckshot clay on various combinations of upper and lower layer
strength are summarized in Tables 1 and 2 together with the results

of simulation by the tire-layered soil model.
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Table 1 shows the test results for Case 1, soft over hard
layer. The base line test results are shown as for infinite top
layer thickness. The gain in pull performances due to a stronger
lower layer was minimal in all these tests. The simulation by the
tire-layered soil showed no increase in the pull performance in
Group A (tests 1 through 4) and Group B (tests 5 through 8). The
reason for the stronger lower layer having no influence on the pull
coefficient in these simulations is that neither the forward nor
the rear slip line field computed in the model intersected the
layer interface in these cases. The question arises whether the
actual failure zones, contrary to the simulation, intersected the
layer interface, or whether the increase in pull coefficient was
due to some interaction in that portion of the upper layer where
the limit pressure governs the stresses and the soil is not in
failure conditions., An explanation for the tire-layered soil model
not showing the increase in pull coefficient obtained in the tests
is that the actual friction angle might have been higher than that
estimated by Eqs. (18). While the over~-all performance is not
sensitive to small deviations in the friction angle, the depth of
the slip line field changes appreciably with the friction angle and
could thereby affect the simulation of the interactim in two-layer
soils. These questions can only be clarified by an experimental
program conducted for this purpose. At any rate, a modification of
the model on account of the marginal increases in the pull coeffi-
cients in these tests does not appear justified. The simulation of
the pull performance in Group C (tests 9 through 11) and Group D
(tests 12 through 16) is satisfactory, even though the simulation
was not sensitive in the case of the largest top layer thickness —

probably for the same reasons as cited for Groups A and B,
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Table 2 shows the test results for Case 2, hard over soft
layer. In this case the tire-layered soil model tended to over-
predict the decrease of pull coefficient due to the lower strength
of the bottom layer. A look at the test results, for example in
Group D, casts doubts whether the tests or the simulation gives
the right answer, Attention may be called to the significance of
shear stresses at the layer interface. The studies performed in
connection with the development of methods for constructing com-
posite slip line fields showed that shear stresses at the layer
interface strongly influence the bearing stresses, especially in
Case 2, Such shear stresses are generated by the stress field in
the upper layer, but they may also be generated and "locked in" in
the process of the preparation of layered beds. Locked in shear
stresses may be an explanation for the insensitiveness of the tests
to the weak bottom layer. An experimental program with normal and
shear stress measurements at both the tire-soil and layer inter-

faces could clarify the problems,
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VI. THE TIRE-LAYERED SOIL MODEL AND
THE PROBILEM OF SLIPPERINESS

In connection with the development of methods for the con-
struction of composite slip line fields (discussed in Section IV),
it was pointed out that the construction of such slip line fields
may not be feasible if the strength of the upper layer is low com=-
pared to that of the lower layer. Although slippery conditions
have not been defined in terms of strength, it is reasonable to
assume that they can be identified with the condition when the
construction of composite slip line fields, as proposed in Sec-
tion IV, is not feasible. At this point it is useful to recall
that these slip line fields represent the solution of the differ~
ential equations of plasticity for soils. Along the slip lines,
the Mohr-Coulomb yield criterion as well as the differential equa-
tions of equilibrium are satisfied. 1In plasticity theory such solu-
tions are labeled as "lower bound" solutions that become true solu-
tions if the slip lines are compatible with certain kinematic condi-

tions.

When stress solutions do not exist for the given boundary con-
ditions, as under slippery conditions, the upper bound theorem of
the theory of plasticity may be used for the estimation of failure
stresses, According to this theorem, slip line fields are con-
structed on the basis of kinematics, and the stresses are integrated
along the given slip lines. Such procedure yields a so-called upper
bound solution. Figure 16 shows such a kinematic slip line field
for the simple bearing capacity case, If the friction angle of the
slippery layer is assumed as zero, then the bearing stress can be

calculated from the following formula (Ref. 11):
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p = c(% T + 'g"B-) + m2c (19)
where
B = width of footing

h = thickness of upper layer

=]
]

factor O <m< 1

An inspection of Eq. (19) indicates that with decreasing
thickness of the upper 1ayér the interface pressure p tends to
go to infinity. In the case of slipperiness, the slushy upper
layer may be squeezed out from beneath the tread to some extent,
but never completely, since that would require an infinitely large
pressure. According to the concept of tire=-soil interaction there
is a limit to the pressures that soil can develop under the tire
load. One may assume that under slippery conditions the upper
slushy layer would be squeezed out from underneath the tire tread
as long as the pressure is smaller than that indicated by Eq. (19).
The pressure will rise due to the gradual decreasing of the thick-
ness of the upper layer as the slushy material is squeezed out, but
will stabliize at the limit pressure., Thus, under slippery condi-
tions the interface normal stress may pe assumed as Py» and the
interface itself flat, paralleling the lower hard layer. The pull
coefficient may be approximately computed as:

S
u= — (20)
Py

where s 1is the strength of the slush, The pull coefficient pre-

dicted by the tire-layered soil model for slippery conditions will

be approximately that computed from Eq. (20).

Equation (20) denotes the pull coefficient for slippery con-

ditions when there is no traction component from the lower hard
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layer., The lower hard layer can be engaged in traction only if
P, is high enough to cause failure and penetration in the lower
hard layer. This explains why tires with high inflation pressures
work better under slippery conditions than low inflation pressure
tires, Slippery conditions may occur for a wide range of bottom
layer strength; therefore, the use of higher inflation pressure
would be advantageous only for a specific range of bottom layer

strength,
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VII. FIELD DETERMINATION OF PROPERTIES
OF LAYERED SOILS

To account for layered soil conditions in the evaluation of
mobility over a terrain that exhibits such conditions, it is neces~
sary to determine in the field the variation of the strength proper-
ties of soil with depth. The suitability of the present field tech~-
niques for this purpose has been reviewed and the possibilities of
improvements investigated. The results of this review are summarized

in this section.

PLATE SINKAGE TEST

Although the plate sinkage tests in their present form are used
primarily for the establishment of pressure-sinkage curves, a sharp
break in these curves indicates the point at which plastic yielding
starts in the soil., The total load on the plate at this point may
be computed from t he failure stresses that produce plastic zones in
the soil . The plate sinkage test differs from the simple bearing
capacity case analyzed in Section IV in that it is an axially sym-~
metric case. The effects of layering in the two dimensional and
axially symmetric case are essentially the same. 1In a plate sinkage
test in a two~layer system the bottom layer affects the bearing
stresses as soon as the plastic zone intersects the lower layer.
Thus there is no distinct change in the pressure-sinkage curve that
would be indicative of the strength properties of the lower layer,
but rather a continuous transition in the pressure that would be
exceedingly difficult to evaluate, Thus, in principle, the plate
sinkage test is unsuitable for the evaluation of the strength

properties of discrete individual layers.
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CONE PENETRATION TESTS

Cone penetration tests are intended to measure strength proper-
ties of soil for mobility evaluation. 1In layered soils, not only
the plastic zones created by the cone but the cone itself intersects
the layer interface, thereby making the distinction of strength
properties of individual layers impractical., A few cone penetration
tests were conducted in the laboratory in layered soils to demon-
strate the problem and see whether the use of a right angle, in-
stead of a 30° cone, would alleviate the situation. Typical re-
sults of these tests are shown in Figs. 25, 26, and 27. Figure 25
shows the variation of cone penetration with depths for a 30° and
a 90° cone in two layers of Buckshot clay. With the 30° cone
the reading for the 1l-in. (2.5 cm) thick top layer (CI = 11)
is completely obscured by the presence of the stronger bottom layer.
This is understandable since the more than 3 cm long cone pene-
trates the bottom layer even when its base is at the surface. The
90° cone showed momentarily a reading corresponding to the strength
of the upper layer, Nevertheless, from the signature itself one
could not evaluate the strength of the upper layer even if the thick-
ness of the layer were known., Figure 26 shows the variation of the
cone penetration resistance in a Buckshot clay with alternating
layers of different strengths. The changes in cone penetration re-
sistance indicate that layering is present, but the signature in
itself is insufficient to establish depths of layer interfaces or

the strength properties of individual layers,

Figure 27 shows the results of cone penetration tests in a two-
layer sand. The change in the gradient of the resistance appears
to occur at the layer interface. Another change in the gradient,
at point "A", may be the result of the slip zones reaching the

upper loose layer, as shown by dashed lines in the figure.
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RING SHEAR TESTS

From the preceding discussions it is obvious that field tech-
niques that engage both layers either directly or indirectly through
the creation of plastic zones at some distance from the layer inter-
face are unsuitable for the measurement of strength properties of
individual layers. The ring shear test that has been used in mo-
bility technology for some time engages only a horizon of the soil
fully; it therefore appears better suited for determining strengths

of individual layers than do the other techniques.

The drawback of the ring shear test technique is that the peak
shear stress measured at an applied normal stress equals the shear
strength of the material only if the base of the annulus is the
failure plane. Observations and theoretical considerations indicate
that in many instances this condition is not met. The failure plane
in soils is perpendicular to the plane of the major and minor prin-
cipal stress. If the lateral stresses in the soil are low, then the
minor principal stress is in the lateral direction and the major
principal stress is in the plane tangent to the rotation and in-
clined to the vertical due to the application of shear stresses.

The failure plane is an oblique one, perpendicular to the plane that
includes the minor principal stress inclined to the vertical. The
deve lopment of such an oblique failure plane manifests itself by an
excessive sinkage or ''digging in'" of the ring shear apparatus,

since plastic flow from along the inclined failure plane moves soil
out from underneath the annulus. A detailed discussion of this
problem is given by Liston in Refs. 14 and 15. He proposes an
evaluation procedure that takes failure along the oblique plane

into account.

The development of an oblique failure plane nullifies the ad-

vantage of the ring shear test in that it engages only a horizon
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of the soil., Thus, for the purpose of measuring the shear strengths
of individual layers, failure along oblique planes would have to be
prevented rather than the evaluation procedures modified for this
condition, Theoretical considerations indicate that failure along
oblique planes could be prevented by placing a surcharge (metal
plates) around the shear ring and possibly in the open area in the
center, Preliminary calculations indicate that a surcharge equal

to the vertical stresses applied to the shear ring would be suffi-
cient for this purpose. The schematic arrangement of a ring shear

test with surcharge is shown in Fig. 28,

The application of surcharge would prevent any appreciable
sinking of the ring shear device during a test. To reach deeper
horizons, a cylindrical bottom split scooper would have to be at-
tached to the device to remove the soil to the desired depth. The
ring shear test would then be carried out at this depth to deter-

mine the strength properties of soil at this horizon.

Ring shear devices, portable and track mounted, are already
available, The concept of surcharge application could be imple~
mented with minor modifications to the existing equipment. It is
strongly recommended that a program be initiated for detailed de-
velopment of the modified techniques of the application of ring
shear devices and the performance of laboratory tests for the
validation of the concept. The development of this improved tech-
nique would solve not only the problem of determining the strength
properties of layered soils but could also be used to determine
strength properties of cohesive-frictioned soils and, therefore,

fill a gap in the area of applicability of cone penetration tests.,
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VIII. CONCLUSIONS AND RECOMMENDATIONS

The variation of strength properties of soil with depth, fre-
quently occurring in the field, and its effect on tire~soil inter-
action have been investigated theoretically. One method for the
consideration of a continuous variation of strength and another for
the consideration of discrete layering have been developed and ap-

plied in an expanded tire-soil model,

In the tire-soil model expanded for continuously varying soil
strength a linear variation of soil strength with depth is con-
sidered. Analyses performed by this model indicate that the pull
performance depends more on the strength of the surface than at
depth as long as the rate of decrease of soil strength is less
than a certain limit. At this limit a no go situation occurs quite
abruptly. It is recommended that the "constant strength'" concept
requiring an averaging of the soil properties within a certain
depth be changed to a "linearly varying strength'" concept and that
a constant plus a rate of variation be used for the characteriza-
tion of soils in conjunction with the variable strength tire-soil
model. The accuracy of performance prediction could be signifi-
cantly improved thereby with little additional effort in field

data processing.

The consideration of discrete layer interfaces in plasticity
theory solutions required both extensive theoretical research and
the development of new numerical techniques. These applied to the
simple bearing capacity case resulted in a new method of construct-
ing composite slip line fields and obtaining bearing stresses for
two~layer soils. An approximate method for estimating these stresses
was applied in the tire-soil model for the consideration of two-

layer soils., The simulation by the model of small scale tire tests
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performed in two-layer soils was acceptable, but some assumptions
in this two-layer model require further experimental research. It
is recommended that an experimental program be initiated in which
both tire-soil and layer interface stresses are measured. Such a
program would be not only useful for the validation of the concepts
adopted in the tire-layered soils model but would also contribute
to the understanding of the basic phenomena in tire=-soil interac~-

tion in layered soils.

The techniques employed for the determination of soil proper-
ties in the field were examined with respect to their suitability
for distinguishing the strength of individual layers. Neither the
plate sinkage nor the cone penetration tests are suitable for this
purpose. The ring shear test is best suited, but the application
of a surcharge is required to prevent lateral failure. It is
strongly recommended that the existing ring shear devices be adapted
for the accommodation of surcharge plates and the procedure be
validated in an experimental program. The proposed procedure is
expected to be applicable not only in layered soil conditions but
also for determining strength properties of frictional=-cohesive

soils for which present procedures are inapplicable,
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APPENDIX

FLOWCHARTS
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FLOWCHART FOR THE COMPUTATION OF SLIP LINE FIELDS
FOR SOIL STRENGTH VARYING WITH DEPTH
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/LES02500/ 07
[ oo =002 ]

AUTOFLEW CHRRT SET - FLOCHRRT LESC0O1IO

[ —09.06x —2

ADJUST ENTRT ANGLE
A0} AHD REPEAT

1
CONPUTATIAN
ONTIL OGF ANOD PPL
HATCH WITHIN S2
JLESO2540/ 09
ARD = RAD + RAD +
ACo

ALESIRS50/7N 10
.,

< RR2 .LT. RAM

\WTHUE

AN

/LESUZEEQL_ 11

AAT = AFH + 0,001 |

L

>
‘\\if
TRUE
AAC . GE. ARE ; ,1 )
N, ? 13
™~ .
o AR = ARE
[raLce

)
5y
88

PRGE 0%




11/05/7%

CHART TITLE - PROCEDURES

X9 = YK
I8 = Uuk

= ¥eidn
= W11

=37 - N}

AUTAFLOW CHART SET - FLOCHRRT LESDO010

RE_YALUE
ERFACE
HD GEOMETR

oy

/LESO2RID S

3 nF
;HESSES

HOTE 03

HHH M) =
]
ey iy =
NI
EEE N} =
N

YOI INY =
il

EE (57
]

HH (27

Q0 37

vy (37

JLESO27UR S

UL ) =

37 -

i
— END OF DO
. Loore
., //
y
YES

FRLSE

JLES02770 \\Ss

Ve
vl TRUE
<;3P95T .EQ. 0
\ ~
~
FALSE
JLESDZRA0/ 08
RADFI = RAD
AAMFT = RAM
CONPUTE ANGLE 0

F
INTERFERENCE [HLAT1)
RNDRQGHNHL STRESS

THERE.
IALAY1) FAR FRONT
FIELD

ALESNZ2820/ 10

ZRAT = 1ZFAST -
IDEPI / {EFAST ~
ILAST)

HLAY! =
HH (IPRSTI -
THH (IFAST) -
HH (JPAST -

1} 1%ZRAT

ALESu28UD/ 11

4LAYl =
Qn (JPASTH ~
Q7 (FAsST) -
Qg (JFAST -

1} 1#ZRAT

SIGLAY = SIGLA

89

PRGE 10

NG ’///

-—-—<(\ END OF DA
LagPT

™.

12
JLAT = 0 [
SNy
) NOTE 13
BEGIN [0 LOOP I
112 0= 1, Hi
14
RN = D
QN =0
EEMNM =0
VN = O
Wwim =0
M2 N1




11705715 AUTOFLBKW CHART SET - FLOCHART LES00010

CHART TITLE - PROCEDURES

120 123
10.15—>
o1
Xxn = 1 FF1 = FOR2¥HD
Z0EF = 2LAY - 650 = GOR?
ROSLOS (ARSHD) | €ca = COR?
07,224
121 02 129 14
[ ooi=-oot ] AAN = - AAN
aAL =
gl
’LESUB]SQ}/\\\E? TANTEL) wx2) )
FALSE k e ey
SE . LSx (D2 + 0o -
r—<_HOET .EQ. l\\t> RRO + AR
™~
‘\\7’ FLESH3I3607 15
TRUE
QUi =
QUF (0.0, FF1)
P31 =
CeN/TAN (FF D)
FLESO316D/ o
516 = PSI/OU1
[ oot - - one
EP1 -
EFO (FFI, THZ,0.0)
- 2
//’/ N FLES03400/ 16
FALSE SIG1 = SIG¥EP!
——<_I3TREN .E6. 1
\\ Q2 =
. ,///, QuALEn) , FFL)
™ @a -
TRUE SIGLxQUIL0S 100 1)
- ent
FLES02170/ 06 JLESO3US02 N 17
[ oot - - pownn | \\\\\\\
TRUE
N < v LER. 2
i 07 ~.
11, 0Bx—
ARD = AR<HD 91 10 ~ .
ARO = - VK = V3 - X8 Egg/)
RRXEXF (~E1%2ADK
HO) UK = 19 - 28
RANIN = ineaq
25/C0% (FAD) — -
[F_NORMAL STRESS AT
REAFR ANGLE  (GU3)
GRERTER THAN LINIT
JLES032504 FREZSURE, THEFE 13 NO
JLES0321D \\\03 REAR FIELD ( XXx=31

S ALSE <:/;an LEQ. 2
\\\: RARIN ~

.,

/LES03480, ’[\\38
ALSE

~ <au3 L(GE. FRL
TRUE ~
™
/LES03260/ 12
NLESO3210/ 09
FF1 = FORIXHO
RRO = RAMIN |
660 = GORI
coo = oAl

90




11/05/75

CHRRT TITLE - FROCEDURES

/LES05E30/ 01

HALIPRST -
1)1 =ZRAT

/LESD3E00S Gz

aLare =
09 LIFRST) -
(00 [JPRSTY -
03 1IPRST -
1)1 =ZRAT

SIGLA2 = SIGLRA
HLAYT2 = - HLAT2

:

AUTOFLDM CHRRT SET - FLACHRRT LESO0O10 PAGE 12
11,183
/LESQ3460/ 03
XX = 3
11.18—3
o
IDEP = FLAY - 126 15
(29 - RO=COS (ROD) N
™,
N TRUE
11,173 08F .LE. PPL
117 0% . e
- - ™, -
O0F = OF N -
.
JFRST = 00 FALSE (13 ‘]
na
IFAST = O —
130
ILAST = 0 R
| Rae
UE BF 7
fLE%D:ﬁ?D/\_\ﬂB

MOTE 16

N
./
<ZDEP LE. U\\THUE
N

FLEEQES3D S 07

SLFI

SLEBDS5UD4 oe
N
o

<_ILAT .EQ.
.

/f

COMPUTE ANGLE O
INTERFERENCE IN RERR
FIELD [HLHT2)

AND NAEMRL STRESS
THERE (QLATZ

Loap
i, 36

WRITE 10 DE¥

¥ IR FﬂFE'NFIT 18,027
/”‘ \\17

o ™
S “\TRUE
Lany €D
. pd
.
22.19 N
~—-"399 FALSE (13 )
\Jbe
127
JLESD :E:?',E}J;’»’ N 18
- \\
FﬂmE/__m AN
oo INY L GE.
N \\ PPL //
131 12 \\///
L KLAY = @ TRUE
12.02—"/{
133 w13
// \\ SLES03720/ 19
< TRUE QA = PFL
XY LGE. e/—
~ =
TS // MITE 20
FALSE FBS (EE (M1} .GT.
[N
PSIITHNELT)

2 ~
1¢5/ \1\4

< QOF LT N
WF LT,
[, 95%FPL) /

FRL 12
(13.09 (1 \

91 130 S




11/05/75

CHART TITLE - PRBCEDURES

135

12.21—>
o1

AUTOFLBW CHRAART SET - FLOCHART LES00010 PRAGE 13

122 ;

12, 14—
HOTE 03

[ CORY (NUE

IF NORMAL STRESS AT
P. RNGLE ( QOF 3

i
THAN LINIT_PRESSURE
PPL ) SET PPL=Q0F

AND

FECOKPUTE FRONT AND
REAR FIELD

/LES03820/ | NOTE 04

BEGIN DO LOOP
ley N =1, 36

N
7

[

HHIN) = 0
GGINY =0
EEIN) =D
UM = 0

0

YYIN) =

12.08%

H3 = N2 - JJi
N o= N2 - 1

10
\\\1LHT .gE::E:::>

FALSE

/LES04030# 11

FAL3E ZPAST LEQ. O
\ZPRST .EQ.

AN
wTﬁUE

/LESO4020/ 12

[ wav-0 |

1

resossos | 07
¥VK = 0
UK = 0
¥VA = 0
Wi =0
JIi =0
PPL = QGF
/LES03950/ 03
AfN = - AAM
ARF = 0
AL =0
Ar =0
5.26

92

ams KT {1
158 NOTE 13

BEGIN DO_LOCF
LED N = N3, NY

14
HHH (K} = - HH(N -
N2 ¢ 1}
EEE(K) = - EE(N -
N3 + 1}
a Ny = GO (N -
N3 + 1)
ZLESOUN3N/ 15

VY (N = - YV (N -~
N3 + 1) + YVR +
X9

DO (MY = WUIN -
R+ 1) ~ Ug +
29

LED 16
0 \

W
——=_ END OF DO
S~ LooF? e

™,

™~

YES

14.03



11/7D5/1S

CHART TITLE - PROCEDURES

-8 01
TRUE
KLAY .EQ. O
AN
.
FALSE [ 18§
D
192
165 nz
fO = FOR2
G0 = GOR2
D = coR2
[LRY

RUTGFLDK

CHRART SEY - FLOCHRRT LESOODLO

ERTEE
JLESO4T104N_ 03
TRUE
LAY .E0. 2
\/
Fruse
LESOY 120/ o
[ wai=wm: ]

JLESOWI3R/ | HATE 05

BEGIN DO LAOF |
160 H = K3, 98 |
08
HE G0 = HHH (N
TROD = 500
ER (K = EEE(HI
VNI = Yy
JLES04 150/ 07

[ UN T = bUUN ]

161 N
Ny ~
Y EWpoFron >
\\\\LHUP?////’
\‘\//
VES

SET LOKER LAYER

STRENGTH AND COMPUTE
INTERFACE
STRESSES THEREFOR

"

=i WJLAY LB 0\\\
N

e

-
162 | WOTE 10

BEGIN DO Lanp
163 H = N3, 36

e
L
o
I
N

O,

183 Nt
e

///
o
TES

/LESGUZAD/ L2

P3IF =
COL/TAN IFO1sHDY

F3IR =
CORL/TAN (FORL<HD)
M32 = N3

CANPUTE FINAL
IMTERFACE ST
FOR THO-LAYE

ALESOUYANY | HWOTE 13

"BEGIN DO Laop
170 N = N32, 38

PAGE 14

®

0

93

/LESOUZ30/ | L5
FO = FO2
0 = coz
o0 = B2
ILAY

7 16

HRAT = IHHH(H} -
HLH]E]fIHHHIN] -

HAH'(
a2Lare = g -
a0t - gun N -
L1} «HRAT
s.nJ'
_/ 1?9




11/05/75

CHART TITLE - PROCEDURES

14, 16—
173 02
N

< oyy 0. 2

FALSE

FLESOHYB0/ | HOTE B3

0 L3P
H32, 36

-

SSUTRUE

AUTBFLDY CHRAT SET - FLOCHART LESO0010

175 05

HRAT = [HHH (N} -
HLATLY / HHHTH) -
HHH (N -~ 11}

= Q00 M) -
) - O -
)} #HEAY

a2

2L A
0a4a

rl
1]
1}

L

END OF DB
ROF?

JLESONSSD/ (43

QFOIF = Q2LAY] -
QLAY - 0%0(36 +
)

ez
GR0IF = OLLﬂrc -

AT
ODD J 2\ +
GALERY

94

15.18
JLESQU630/ 17
HLRT! =
S7.3#RANF [

177
09
QFOIF = DOLATL -
SIGLRI
GROIF = g2LAT2 -
STGLAZ
178 10
ALSE
UFDIF LT, 0 o
\\\WTBUE
JLES04600/ g
[ ornrr =0
12
\\
ALSE
GROIF LT, 0 >
“[raue
/LES0US 10/ (3
OROIF = O |
1k
N
KA €0, 0 e
<
.
.
.
TRUE
JLES04620/ s
HLATZ =
57, SRRHT I
i
\\
N
ALE
IR —
\.\\
~
TRUE
S

/’N?

AL SE
<:;X¥X JEDL 2

AN

TRUE

JLESOURYD/ 12
HLATL = -
57.3%RRM

‘

_NBTE 20
BEGIN 00 _LooF
= N3L, 36

16.186

‘\\?l

HA 1N .LT
O HLATE

JLESOE870
pd TRUE
HR Y LCT,

\\\\\i?ﬂfl

~ -
6
5)
138
/LESO4E80/ 23
[ HAN = HA (N)
JLESQOURSO/ | NOTE 24

BEGIN O
166 J

a L
=N 6




117057736

CHART TITLE - PROCEDURES

16.12%
185 01

SR (N UFFi_RT -

ERiH] = ERRT

!LEE;EHLBED,-': ., 02
Iy \

S
FALSE~ \\>
*—-—x\ A IN} LGT.

. PPL -

\\\\\ ,,f’/
ﬁﬁut—:

/LES1520/ 03
QAN - PPL |

NOTE 04

ABZ {ER (N3} .GT.
(IR N+

P31F)
= TAK R{=FOR 1)

/LESTIA3 g,evJ\\ os
~ o

o AN

FaLse SEE NATE
N RBOVE

ZLESDLE20/

ER (M)
SIGH th lNI +

S1IR]
=TAN IHU'eFUFiI]

313

15.24x
08
TRUE
3 S
LEQ. 3B
NS
7
FAL

AUTOFLBW CHRRT SET - FLACHART LESOR010

’/ \ N
h EN[] F 00

/LESNTI N 03 N Loorz

/
TRUE -
HRN .GT. — YES
HHH €]
[FrLse 15, 815 —3
1:33/ 16
- \
ND
187 10 < EMEUPJI;YUD .
HRAT = (HHH () - ~ g
HRNE / GHHA () - N
HHH LD - 103 o
TES (
QRAT = QEOL] -
(BRRLN - 496 1) -
117 «HRAT
/LESOUILD/ 11 JLESOY9A0, ™~ 17
ERAT = EEE(H - / N
EEELN - EEE () - P ““TRUE
17y =HRRT \\K‘STHEN LEQ. 2 >

™,

r
SLESONTSES N, 12 FALSE (17
N lk&,'

/ \THUE 127
XY LEG. 2

PRGE 16
—18.19%
195 21
| 1

| EEEJ} = ER(D |

N 2
y

!/ .

END OF DO

\ LEUP/
r‘rE!i lt-j
12

g

/LESQEDSD,S | NOTE 23

\ / /LES04930/ | NGTE
~ EGIN g Lo
FALSE 15) N2, 36
‘\(5/
185 15.22’—‘{
: N 18
- \\
/LES04TBY \\13 yd N TRUE
e
A~ CHR LT,
/ \TPUE ~ iz
\\57 :.»-FIFIMFI /’j \\ e
3 g
i FALSE
FHL E (18)
85
JLESOSO104 ™ 20
FLESOUT7DS iy /"‘ N
QR (K = oRAT - . TRUE
QFOIF l i/Hnrn BT
\ HLAT1
w; FALSE

17.01

at
<
(/’ND oF 0o i
¢ - N
. LOOPT
™. 4

95




11705715 RUTOFLBW CHRRT SET - FLOCHRART LES00010 PAGE 17

CHRRT TITLE - PROCEDURES

16,14
/LESOU780

KLAY .€0. O

SHLIN 4
TRUE
158
/LES04790/ 02 JLESN50407 | 15
[ eam - ema1 | HLAT2 = -
S7.3+AAK
FLESOUEDD \\03 ’ NOTE 16
e AN BEGIN 0 LOOF ‘]
FALSE,~ 158 0 = Mal, 36
< OAIN) .GT.
.  FFL .
. 15, 0f —
-
1
Tmus N
Ha LT \\THUE
bl . .
. HLaid
JLESOUE00/ o \
GAiM = PRL FALSE {18
e ) ®
> 133
05
RN
/WRITE TC 08V [/ L
/ . /LECﬂ‘HO U8
VI FORNAT A
szl \
FRON THE LI5T TRLE
R HH(N] G
/Estua;0/ | NOTE 6
[ L1sT = N, ERIN J NFaLse o
19\5
JLES04250/ 07
[ aworol = HowFor | X
JLESIS12047 N 1§
JLES4870/ | NOTE_11 /
/LES0YBH0/ 08 N JRUE
— AES(EAINIY .GT. < ¢ LED. 2
/ HRITE 0 oty @AM + N
PSIF) »TAN (FD1 »H0) ~

FALSE

Vlﬂ FPFNHT
FRAM THE LI:T
JLESOusUn/ | NOTE 0§

| 151 = aa ., ‘ SEE NL’JTE>
LPPL, FSIF, GHOED o ABNIE

l_.____‘ \\\/
: TRUE HR (K) .
5. IuAAMF T -
N TRUE
.
o .
FHLSE ﬁs
JLESOUET0/ 12 01
EAIN) = 201 JLESOS 140/ 22
SIGHINA (N +
FSIF) #TAM (HOMFO ) ERING = (QATN) +
LERTHY) e e e FSIRYTAN (HOXDD)
| IR,
13 23
b L2
" 168 1932

95




11/B5/3%

CHART TITLE - PROCEBURES

201

17, 20—

NOTE 01

AUTOFLOW CHRRT SET - FLOCHART LESOQOIO0

EA NI
[1¥]

(fQA ®
PSIF) *TAN

)+
(HO=D0Q})

/LESDSjjgﬁ)\\\Pe

FAL3E ~

~

JLESDS17DS

S SEE WATE
N ABYE

TRUE

03

EAIN = [GRMN) +
FSIF) = TAM (HO=DO)

FRLSE ~

.

FLESDS 19D/

R
——“__ﬂ\\\\\\ Pri

L7 1?x-—€{
195 oy
o
-~

">

e

g
TRUE

05

| sRow =prL |

PAGE

188 7N 06
/ .,
<. END OF DB
\\iifp?
YES 17
17
14, 01—
g2 NOTE 07
BEGIN DO _LOdp
191 M = W3, 3B
]

HHH (W) = HA NI
QAT = QRN
EEE (N = ERIN
YUYVIM = YNNI

FLES052BD/

| oo = ovew |

[

vy
- ‘0 JLEsasuun/fli 18
™~ WY = .Ex (EEE M) +
EEE (- 1))
Na \‘\\>
<_ ENg OF 00 Us = WY -
\\\\ LOOF? ///’ SV N - 1) )52
A ¥ = (UM =
\\\\»jij UL N - 1) 1w
Ca
JLESDEUT0/ 17
U7 = SERTIUS +
HE)
CONFUTE LOAD, DRAHBASK
AHD TORQUE_FATH 4 =
INT.FACE STRESSES UTs (UBSTH H) +
U3RCOS HLD)
/LES05290/ 1t : Y5 =
UTs (UUEO5 HIT -
1 =0 Ha=S N1
vz =
i3 =0 FLES05E00/ 18
Ve =0 16 =
U7xU3s (~A3XSIN
NQ31 = N3L + 1 (il +
AL=CAS HIN
Y7 =
/LESD53U0/ | NOTE 12 U7 Ul (AZ%CAS (H1)
— AL INTHID
BEGIN OO LOOP
190 N_= K31, 36 Y1 =71+ 4
Y2 = Y2 + Y8
) 13
bz = (a0 - JLESOSEL0/ 15
+
2106 (M) ) Y3 = V3 ¢ Y6
F e 00T N+
QOAM — 1313 Y@ = Y6+ Y7
[} = WYWIN - 1] +
N - YV -
11 %02
180 20
. //’
/LES05370¢ iy O
—————_ END 0F Dot
Ui o= LNUEH - 1)+ N LoP?
oyt - UUUH - «
1)z “
.
He = fUU - YE3
UL N )/ (95X () -
W - 1)
Hi = ATRN (H2)
JLES05ET0, 21
BNF = BOsf1
/LES0SUaN, 15
BTF = BOwf2
A3 = U1 - 29
BTT = BUwT8
B = ¥1 - XG
S = SURT iR3wxa +
Rtkxxd)
IF COMPUTEDR LOAD
U3 = ,Sw (000 (N + IBHFI IS NOT WITHIN
DOLTN - 1)

[ ]

97

LO% OF INFUT LORD
[

ul
ADIIGT RERE AND SEF.
AMGLES (AR, BAMI AND
CAMFUTE
SLIF LINE FIELDS,
[MT. FACE STRESSES
FOR THESE VALUES

;

/13,01

18




11/05/15

CHRRT TITLE - PROCEDURES

AS(BNF - -/0}

AUTGFLOKW CHART SET - FLOCHRRT LESO0GLO

Loy - O.IiLD/

(+)

294 N

FALSE ™~
<LD LT, BNF

\\\\///

TFUE

/LESOS6UD/

03
[ ]

s,

oy

LS ll >
“~\ EMF
\\ /
\‘

TRUE

JLESOSE50/ os
[ wwc = - pan |

L
e

v
< s
-\\io .61, E'HF/

TRUE ﬁo
T G

.

~
N

/LESO5660/ @
[ anv =g |
|/
"20.15

s
WRITE T0 DEY /
VIA FIJEHHT
/ FROW 'H?ESLI ST

I

SR

LESOEMSH/ 1 MATE 09

(T

/LESHFU?D/

' HF‘ITE T DEV ;

[
WIA FDRHRT
/ FROW T THE LIST

SLESOENTO/ | MNOTE E1

Cos-er_ ]

FLESORNA0/ | 12
WRITE T0 DEY

3
V1A FITP.MF\T
/ FEBH THE LIJT

/LESORY S0/ NUTE 13

/ILESDBS10/ Ly
SHK = UDUING + 1)
NOZ3 = N2 + 1

FLESURS30/ | NOTE IS

BE m nrJ Loor 0P
350 1= NO33, 36

\ TRUE
[N
'aNF

FALSE G?_’
ot

ey

oo

K\c
—

98

PAGE



11705715

RUTAFLOW CHRRT SET - FLACHART LESD0O10
CHART TITLE -~ PROCEDURES

FASE 20
19, DB<
v
FALSE,.”
——«x\w .GT. BHF
20, 205 —— ey
205 08 FLES0S670¢ 17
LAy = - A
TRUE
L0 .GT. BNF
esm 01 . :
[ Fpet | \\\ /\13
I A
FALSE A ™~
J CEN U
FLESOSETH N, 02 \\ o e EC T
o e ~. - /
FALSE,~ N FLES0578D/ 03 v WRITE T8 DEY
L LGT. 2wBNF FALSE g
~ FB = 1 [ VIA_FORMAT
\\_\ - SR 3'{.':L S
TRUE
SLESDSTENA N 10 SN N
> ‘LEZ05R30/4 -
/ N o \\g ( A
FALSE, . 7 . 2211 )
. .5 > \JRUE R
JLESOES70/ 03 SN -BrBiF CaR LEQ. ARHIN > =299
Fg = 2 ., // ‘\\ -
-2 -
N TRUE ™
FALSE
ny
AR = AR + U~FB
PN = - (ARM - FLES0573D/ 11 >
L 07%FB) = | 3ug 23
FE =2 FLES0S 004 20
8 ™ / WRITE To oey
P = — TRUE,~ / 5 /
LESDS8005 05 12 ~—————<_ RRX .EQ. 0 > VIA_FORMAT  /
G AF = AR - LxFB ™~ 20 /
- - = - ¥ " —_
FALSE N S
rd . . o - /
< AR .GT. ARMAX ARM = - [AAN ¢ S
Y v LO7FE TraLse
N /_/ P
™. e
A (52.14\]
[TRIE e
,fLEsos:aeg_f/ \13 — 539
e AESISTI07N_ 21
FALSE,~” - .
<HR .LT. RRMIN > e
JLES05900/ 06 . - - TRUE
~ <_AKY LEQ. O
AR = ARNAY ~ e \\' /
e
. TRUE \\ S i
- . =
gl FALSE {20
A% = 0 =
226
AT = 0 JLES0S820/ 14 | jLESOS 720/ | 21
| R = RN ] I AR = .S« (RRY +
BRI
L ARM = 5 (RHY +
15 )
21.01
/ X =0 A% =0
500
AT = 0O AT = 0

/B
o
o

99
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CHART TITLE - PROCEDURES

300

20, 074 —HA
01

| tter - 1mER + 1 |

[F SALUTION IS5 NOT
REACHED WITHIN (9
[TERATIONS, PRINT
RESULTS OF LRAZT TWO
{ TERRT I10MS

JLETIST704”
e

7

TRUE

RUTOFLBH CHART SET - FLOCHRAT LES0ON1Q

0u
NRITE 70 DEV
YIR _FORKAT
330
/LES08320/ 05

HRITE81U DEV ;
VIR FORMAT
331
FROM THE LIST

JLESOB%20/ | HATE DB

LIST = BNF19,
BTF19, BTT13
/LES0633D/ 07

WRITE TO CEY
VIR FOFMAT
331
FROM THE LI(ST

/LES06330, | NOTE 08

LIST = BNE, BTF, J
BIT

100

309
21. 02—
09
BNF19 = BNF
BIF18 = §TF
BIT19 = BTT
21,03 —>
303 10
JLAT = 100
KLAT = 1D0
Nl =0
2
\\
TRUE
/LES0B090/ 12
X =0 1
13
[ ILAY = 1 ﬁ]

/LES0B1 10/

[:EFGIN-—
300 N = |
2117~
15
HHHID = 0
Quat = n
EEE(MD = O
VWO = 0
G = 0
HAING = ©
JLE30B140/ le
I =0
EAD = 0
WM =0
UNING = 0

PRGE 21

6o1
FO1
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CHART TITLE - PROCEDURES

RUTAFLBN CHRRT SET - FLOCHRRT LESOO010

385
18183
01
| s =unme |
19. 16—
380
Ho
END OF 0B
LoOF?

AN

"

JLE506580/ 03
| suk - 1owsmk |
/LESO5530/ o

B /
HRITE T3 DEW

YIA _FORMAT
FROM THE LIST

FLES065307 | NOTE 0S5

([ LIsT = sme ”
| Ao
JLEROG61D/ 08
FUH = BTF/ENF
oK =
BT/ (RA*ENF)
LES08630/ | 07
7 HRITE 18 DEV

¥IA FORMART
395
FROM THE LIST

JLES0E30/ | NaTE 08
[Liisr = pun, ToN |
| Ay

JLESOEEEDS na
- 7

/ NRITE TO DY
VIA FORNAT
403 /
/LES0B870/ | HOTE 10
BEGIN DO _LOOP |
396 K = H31, 36

P

398
11 Na .~
— s END OF 08

WRITE TO DEV / LAdF?
N . 7 \\
YIA FOFMAT
37
FROM THE LI5T

!LESGSGEU/q HOTE 12

K, HHH(K),
EY. EEE(K),

13

TES

07,05«
333 ty

HALT

101 FRETURN 70 SYSTEM

PRGE &2
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RUTGFLON CHRAT SET - FLOCHRRT LESO0C1D PAGE 23

IMPLICIT REAL (L)

COMMON RO,

60,€0,F1,01,A0,AM, A1, VK, UK, PL, DF, XX,

OF ,AF, VA, UR, J1,H(36),0 136, E (36) ,U(36), ¥ (35)
COMMON ZDEP,ZPAST, ZLAST,JPAST, [STREN, THI

COMMDN FO2

,FOR2, €02, COR2, HO, SIGLR,KDET

EQUIVALENCE (RRO,RON, IGGO, GO, (CCO,CO), (FFL,FLY,
(©01,01), (AAT, AO) , (RAM, AN, 1RR1, A1), (VVK, VK],
(UUK, UK, (FPL, PL) , (DDF,DF), IXKX, XX), (GQF,QF),
(ARF AF), (YyR, ¥AL, (UUA, LAY, 1IJ1, J1), (BHOD LH(D ),
Q0,0 EECD EQ), (U, U000, (v 113,V 11))

DIMENSION 90 (36),EE (36) ,HH (36)
DIMENSION UU(36), vy (361
DIMENSION 000 (26), EEE (36) , HHH (38)
DIMENSION UL (36, WY (36)
DIMENSIOM 2R (361,ER (36) ,HA (36)
DIMEMSIDM ¥N (3E),UN(36)
STATEMENT FUNCTIQN DEFINITION: DELT (O,F)=ATAN (SIN(SIN(D) /SIN (F)) /SORT {1~ {SIMN(D! /SIN(F)) »2))
STATEMENT FUNCTION DEFINITION: QUA(DS,F9I)=C0S (DI} +SART (COS (D) we2-COS (F) ww2}
STHTEMENT FUNCTION DEFINITION: QUP (D9,F9) =CAS (09} -SORT (CO5 (03} xu2~COS {F) »w2)
STATEHENT FUNCTION DEFINITION: EFO(FS,T9,T8) =EXF (21 (TS-TBI~¥3IN (F9)/COS (FH) T
STRTEMENT FUNCTIOM DEFINITION: TANI(F9}=SIN (F9) /COS (F9)
STATEAENT FUNCTEOM OEFINITIOM: TAND (F3) =SIH (2%P I» (F91 /3601 /CAS (2%P I (F3) /350)
STATEAENT FUNCTION DEFINITION: BET(ES,D9,RS, A =ALOG (EY) / (BI-AE-AD

3 FORMAT (1HD, "TIME= ', [6)

S03 FORMAT (1H ,* INFUT PADIUS, HIOTH IN FT ° )

4sys FORMAT (* AA,BO™)
us4yo FOFMAT [3F 10, 3)

S0y FORMAT 114 , * INFUT LOAD (LESY, PSUBL (FS0) ° )
K550 FORMAT (* LO,PO"Y
505 FORMAT (IH , "INPUT DEFL .COEFF,DELTAR COEFF ')

4e5S FORMAT (* DE,DF °)
508 FORMAT (1H ,* INPUT SLIP PARAMETERS JZERD AND K 9
4550 FARMAT (* 5J,5K™

£07 FORMAT (1H , * INPUT SLIP, DEPTH OF SECOND LAYER® )

{565 FORMAT (7 5L, ZLAV™)

501 FORMAT (IH , "INFUT UFPER LATER COHESION, FR.ANGLE,GAMHA )

4570 FORMAT (' COL,FDL,G017)

sn2 FORMAT (1H , * INFUOT LONER LAYER COHES(ON,FR.AMNGLE, GHHMA )

4E7% FORMRT (' CO2,F02,602")

51t FORMAT (1H ,* RELATIWE STRENGTH OF LATER IHCONIISTENT,TRY RAGAIN

1z FORMAT (IH , *RRAC. =, F3.2, ' WIDTH=",F$.2,' LOAD=",F9.2.°
PSUBL=",F&.2)

14 FOFMAT (1H , "DEFL. COEF.=",FE.%," DELTA COEFF. =",F6.3 )

16 FORMAT (1H , "OEPTH OF 2MD LAYER= ', F10.%)

(4 FORMAT (1H ,*J ZERD = °,F&.4,° K = ", F8. 4,7 SLIP = ", F3.1)

L8 FORMAT{1H , > DELTH = *,F3.%," DEG. OF SHEAR MDB= ',F3.3)

13 FORMAT (1K , 15T L. COH= °,F10.3,° PHI= °,F5.3,° GAM#A= *,F8.21

15 FOFMAT{IH ,"2ND L. COH= ',F10.3, PHI= ', F&. 3, GAMKA= ' F3.2)
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(HT CPET0Td" o =39HMNIS. * HI) LHWYGA

2'014° . =3NOY0L . HII LHW4nd
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2'074* =30404 HHYEN, ' HT) LHW404

GEIWEGS 3084HNS QYHH 350, " HTD LHWYod
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SINFU3LHLS THIN0IIDEL-NON - F1LIL. 1HHHD
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11/05/15 RUTOFLBN CHART SET - FLOCHRART SLFO0010 PARGE 01

CHART TITLE - SUBAGUTINE SLFI

* —m.osx—ﬂ ,] ﬁ‘Jl.le'—ﬁ .
07 /SLFO0610/ 13 2
SUBROUTINE SLFI
COMPUTES COORDINATES, Al =0 g2 =0 I=N+1-J
EAEGE AND THETR BUJI 3 2,F1) A = J
3 =0 D3 = DEL (D2, =
FOR A SLIP LINE FIELD
FOR G[VEN CUl =0 T1 = (03 - D21 /2 RN = N
ANGLES, INTERFRCE
FRICTION ot =0 05 = 0l LN =0
ANGLE AND LIMIT
PRESSURE. THE Ut =0 DY = DEL (DS, F1) S, ) = 51
COMPUTED INT. FACE
NORMAL STRESSES ¥ =0 T, =Tl
SHatsses Y
5 /SLF00650/ 1
(E(Ji) ,COORDINATES OF
{NT, FACE (V(Ji UTJ)) /SLFO0400/ 08 T2 = P1/2 + /8LFO0850/ 21
PERTAINING TO ANGLES Sx(04 + DD -
HJ} BRE TRANSM{TTED HUJI = 0 A0 + Al X, = (A -
10 THE MAIN FROGRAN 21%L/ (AN - 2)
THE IHTERSECTION OF atdl =0 N1 o= C1
THE SLIF LIRE FIELD X, 1) = 0
HITH THE INTERLAYEF EMJI =0 We = QUP (D2, F1)
BOUNDRRY AND THE XIN - 1,23 =
SIGHA YRLUE FOR THE S1 = HI/H2 LSxL/ (AN - 2)
HAY. [NT. FACE SHERR
STRESS
(SIGLAT IS ALEN
BETERHINED /SLF00890/ 15 »
T3 = . 75WPL + -
/5LFDUZSO!1 NOTE 01 END OF DD J5wFL -T2 4 T1 -
LO0F? AD + Al
BEGIN DO LOOF ENG OF DO
31 -1, 43 LI LeIP?
DS (RO, AH. T2, T1,
F1l \
NOTE (2 DMAY = YES
ATAN(SIN (F1))
BEGIN 00 LOOF
4 =1,15
10
N - /5LF00720/ 13
03 Fac = 2 + COMPUTE SIGMA, THETA
- M= 43 . 5ul1/DMRAX AT SINGULAR FOINT
XKILJ =0
N =I5 L2 = .
ZiLY =0 FRCSL ICOS (U1 F5LF00300/ 23
INTP = O #COS (T3 -
SiLJ =0 F17 /€05 (F1) HO39 = 2WN ~ 1 I
PI = 3.14159 L‘*
TLD =0
ARR = 30wHO
50 NOTE 24
ESTINATE_LENGTH OF
PRSSTVE ZONE (L) BEGIN D 0 LOOP
y O /SLFO0S0D/ 11 01 N099
™ TF = TAK(FD /SLFNN750/ 1?7
o 02.01 —>
——= e o 09 DAF = TAN (D1) [ i--e ] 25
. Loope
. o= 20 - 1 . J— J=1
< i1 S ’
™ /;/ Cl = CO/TF 20 i8 Al = FLOAT(D
TE3
Ut = PI/U - F1/2 [ NP = ¢ ] AN = FLORT (K
XL, =06
/5LFO0SSD/ 12 (L, =0
SET BOUNDARY
3 05 F3 = | - SIN(F1) CANDITIANS AT FREE
SURFACE
¥3 = - TEAN(F1 /SLFO0970/ 26
Vo= | /SLF00780/ | NOTE 19 [¥x1 J% = Tél+
¥S = TAN(FD) sﬁgxn o0 LGEP ﬂNl/(RN -1
¥6 = 1 POM =
EPOFL, TIL, 0, T
’ 5(1,0) =
—_— POHxS TN, 1)

BEGIH 00 LDOP
{ €J =1, 35 ‘*1 ,:TET/
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CHART TITLE - SUBAOUTINE SLFI

< o of oe
. Loope

/3LFOLDLDY | 02
42 = VA L,F1)

A1l = Qa5 (=N ~
1, 1=Ca3 - 01

E(l) = 1001} +
1) <0AF

HilY = 57.3=A0

COMPUTE COTRDINATES
UF HNADAL PRINTS

SIGMA AHD THETH
VHLUE Lﬂﬂb J LINES
BF THE S IF LIKE

FIELD
fgLFD[D?D/ NOTE  G3
BEGIM OO LO6P
S0 )= 2 M
118
NQIOE = Mo+ 2 -
HE1RL = J +
2N - 11
NATE 0%

i EECIN 00 Laoe

1 = NOLOD,
_Hginl

05,10 —=

L ER Hs 3
.
ﬂ»iu S

N o
.,
.
FALSE 9
a1
126
JELFOL 120/ oz
K=20
THY = 111, -
! 1) + U
TH2 = TII -
L0y - i1
SIL = SIT.J - 1)

RUTOFLOW CHRAT SET - FLOCHRRT SLFOONID

L

/SLFUI]SD/? 08
$12 = S(I - 1,J)
V7 = 2wl -
1, S80I, 4 - 1)

U3 = S(I - 1,00 +
s,d - 1)
/5LFO118D/ 03
¥ = (TI1,J -
ho-Ti1'c
1, )%TF
W8 = 2kl -

1, dr=811, 0 -
1143
FSLFOI21D/ 10
U6 =
2#TFx (311, -
LT, J = 11+
$11 - 1, 0»T(I -

1, J1)

03.05—
&5 11

¥1 = TAN(TH1}
¥z = TAR{TH2)
X1 =¥
1

XJ = V2= (1 -

=X, Jd -
1

JALFO126D/

yiz = 1/

41,
Y1z (z (]
IU,d -

Z(1
b,
Xl

A

.
v

Ky

Wl - v2)

g o=

- 1,0 -

1+ I -

= 70 -
XL,a
Ji1 =y

]

WRITE

(6,873 1,J,U1,F1, THZ,
V2

SELFO131D/

AR = Y3 I

J8LFO13307

us = SlI.
(1

105

/°LF01?UQ;j\\\\

FRGE 02

<:/,uq .LE. \‘\\qua
AN

FALSE

3.01)
115

HHITEBTE DEV
¥IH FORMAT
112
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CHARYT TITLE - SUBROUTINE SLF{

01

S, = (¥7 +
V9 + GO» (S11x
512=88)) /U
5
8
1}

¥
1=R8 +
14
f{,h =t
Ut + GOx (B
RR\)/(EkTFn

+
H

/SLFOLYLQ, \\\gf
e

TRUE
<: K oLED 1
N

e
N

TrALsE

ZSLFOLY20/ 03

THT = 8% (T(I, J
o+ T, ot

TH2 = ,SwIT (]l -
1,0 + hg(,J)) -

511 = 5= (5T11,) ~
1o+ 301,

/SLFOLYS0s/ oL

/SLFOLYRD/ 0%
V3 = 2wl I=S12xV8
19 = 511 + SIZ
K=1

<3

o

/5LF01530

/3SLFO1S0

ISTREN

a,.n
20EP

[LAY

LEQ. 2

AUTOFLEW CHRRT SET ~ FLOCHRAT SLFOO010

LLT.

TRUE

106

\\‘\K NO

END 0F 0O
LORPY

Of = @JD
AF = H{JD

PAGE 03

/SLF03030/ 14
K9 =0
YK = X8
UK = 79
YA =0
Ug = 0
1000

b
1 15
va = X0
UR = 70
5.15
—1000
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CHART TITLE - SUBROUTINE SLFI{

117

03. 08—

AUTOFLOW CHRAT SET - FLOCHART SLFO001D

119

NOTE 01

(2L, -
ZDEPY = 2 (1, J -
D -~ ZDEFI LLT.

/SLFOLS?7047 N 02
.

-,

SEE NOTE
N ABAYE

FALSE

3.;53

g

180

/SLFO180D/ o4

XINT = (FDEP -
20,4 — 13)/THL +
i, )

XK

)
=
il

(XINT -
(1,1 -
Giit, -

SSLFO16UDS 06
GINT = SINT={l -
IR (F11
2xTIHTI) -
1

PG

TAUIH =
SIHNT=SIH (F1)
#3IN(2=TINT)

P3iz =
C02/TRN [FO2NHD)

FOLFOE7DS 07

PSIF2 =
CORZ/TAN [FORSsHM

FSLFOLBBOA ~_ 08
VRN

<:T;; e :\\\THUE
CEL -

e

SSLF0189D/ 09
DELR2 =

TAUINA (QINT +
FSIR)

OELRL =
TAUING (RINT + CLI

L

107

2

/SLF0EVL
v

TRUE
ABS (DELRL)
.GT. Fl
AN

'

/FSLFO1720/

10

PRGE 0%

FALSE

11

CAPD
DEL (DEL

{ =
b |

-

(sur)

97

s | 12

CAFDY = .5%PI

DELFI =
SIGN(F1, DELR1)
RKAFL = 1

.
w
o
(34

p
L\
8




11/05/15

CHART TITLE - SUBAQUTINE SLF(

Lo/

04. 11—
01

RKAPL = {4uTINT +
2#DELRL ~
P1) / (2nCAPDT ~
L8]

NOTE 02

/SLFQLBO0S 03

RB35 (DELR2) TRUE

AUTOFLOW CHART SET - FLOCHRAT SLFO0010

/SLF01930/

.GT,
., (FOF2xHO))

L
2

123

KDET = 1

JPAST = J
2PAST = 201, D)
ZLAST = Z(I,$ ~

1

DELR2 =
SIGN [(FOR2#HO! ,
DELF2)

CAPDL =
DEL (DELAZ,F1}

/S5LFD185D/ 05
THET =
REMPIRIL -
SIGNC(L.0,AKARP D)}
+
, 5% (SIGN (CAPDL,
AKAP1) - DELR2)

THI =
TANC.S=(T (1,3 ~
1} + THETY + Ul)

/SLFOI870/ 08
XINT =

a,d
xa

B =
TRN(F1) % (XINT -
X(I,J - 111 ¢
ZDEP - Z(1,J - 1)

/SLF01890/ 07

108

(90

PRGE 05

/oLFoLsgo/ 12
¥0 = RO%SIN (RD)
Z0 = RO=COS (RD)

1t

i

13

E. 1.0

FALSE

/SLF02020/ 1%
X3 = X0
79 = 70

125 15
Gl = X{J ¢ 2xN -
) - X0

G2 =~ 20+ 20)+
2¥N - 3,40 - 1)

/SLFC’EOSD}J\ 16

XX LEf,
13
/5LF02070/ 17

m: ATAN (G1/G2) J

/SLF02080+"

6.01




11/05/15 RUTBFLBN CHRRT SET - FLOCHART SLFO0010

CHRRT TITLE - SUBRGUTINE SLF{

05.16%
130 01

g4 =
ATAN(G1/62) - AL

\\Ez\.sr./j:jl//,
TRUE

/SLF021804 ]

L rw=c7 ]

157 ) 11

£SLFO211] 93 DL = Oixid -
- D -
TRUE~" H10) /157, S=hb -
XX .GE. 1.0 Wiy
\\\\\\
FALSE /SLFe220Q 12
/f/)\\\\
B oo
05, §——-> .G1. DMAX

18—
is oy T
.,
[ K2 = 1 ] v
ﬁﬁuz
)
138 oS
65 = - VK + X0 -
TR JSLF02200/ (3
0 =
56 = UK + Z0 - SIGN (OMAY, 01)
TH + 2uN - B0 -
1
87 = - ™
ATAN (56765)
DAl = TAN(D LD )
81 = DEL(DLS,F1)
JSLED21SLA ™ 08 B2 = .SxDt)) +
B1)
.,
FALSE
KZ JEQ. 1
SLF022u0/ (5
\\\\\ TULE - Zn (N -
D)L RIS Ba -
TRUE Al
THE = 5% (T(I,1 -
BT
TII - 1,1 ~
2% N - 1113
FSLFO2160/ 07
[ Aul =g ]
/SLFO2280/ 16
3 THY = TH3 - U1
08
THS = TAN(THY
[ KE = 0 |
TAL = TANIALI)
I1 = 1/THS
2 = TIXTAJ
L

77t

PRGE 0B
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CHART TITLE - SUBAGUTINE SLF!

06.16

/SLF02310/ 01
I3 = |/(1 + I
= %l#ll(l -

L,i-1 -Zl -
1.3

/SLF02330/ 02
X,Jr =
Z3v (X1 ~ 1,0 +
it -1, -
tr o+ 7

i, = 2 -

L - 1)+

TR (XML - 1,4 ~
1) - X(1, )

/8LF02350/ 03
AA ='V3«(X(1,4) ~
¥ - 1,00 +
V(21,0 -

2 - 1,01
U3 = 2x3(] -
1L, xTF*(T(I,0) ~
T - 1,0}
FALFOZT70S 04

5(1,J) = S¢] -
1,00+ 03 + GOxAR

A1 = QUAIRID ,F1)

Qi =
Qlws(l,J)
*COSI01J}) — €t

/SLF02YN0/ 0%

Eddy = Q1 +
C1I»0RJ

Vil o= ¥(
2+ 1 - 11

o+
)
Bidl = 20 4
v~ 11,0

/SLFDEY30/ 06

X0 + 2« (h -
- X0

G4 = - 20 + Z21) +
2xrIN - 11,0

CHI = ATAN (G3/6W)

/BLFD2UED/ 07
| 8 - s7ucs |

RUTOFLOW CHRAT SET - FLOCHRRT SLFOG010

TRUE

XX (GE. 1

110

CHI .67,
(M4 035

JRUE

PRGE 07

R

FALSE

/SLF02510

12

\\\\\THUE

2

/SLFB2520

ARS(0()) -
PL) -~ .OS#PL

\\}ll

GT. PL

03

/SLFQ2560/

N

/SLF02570/ 17
AH = S7.3x(AM + |
3
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CHART TITLE - SUBAGUTINE SLF{

AUTOFLOW CHRRAT SET - FLOCHRRT SLFO0010

——————08. 02x
176 '~\\3j
TRUE
™~ J.LT. N
FALSE (3
12
.
220 ‘\Kﬂ’//
FaLse [ 3
L
(50
' AOJUST LENGTH oF
AP =]
™ pd PRISIVE ZANE GD
. RECOHPUTE FIELD
\\/
~.
FRLSE FELED2UD/ 03
L= L.5sL
ke =0
/SLEOZE104 (3
PN N
SN

150
/SLFDEGdQﬁJ\\
<<TREwIU( )\\\\\q;/a
//

- 5Pl

165

\\\\
FHLSE
Hﬂﬂ-;l 08

0% EHJI - Q-

AT = PL - Q{J ~
1}

H3 = Q7/0%

L

PAGE 08
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[T

07.09 —

[ aH = 57.300

/5LFo272

CH3 . GE,
JAR #7000

/SLF02730
CHa LLE t:
@M - o0 o
FALSE

!SLFD%:EQ/ a1

RS0 - +)
PLT - .05wPL
*\\x

[
rase

220

TRUE

———07.15x——
165

FALSE

HOTE

AUTOFLDW CHART SET - FLOCHART SLFO0010

67

/5LFn28nn/

—
[ CONTINUE
| Smo—

A0 JUST LENGTH OF
PRSSIVE ZOME AND
RECOMPUTE FIELD

|

L = .BxL
K9 = K9 + {

H3 = H2/H1

05. 10—
172

HY = HI3x (X IN +
1 BUEEE 4

J+ 2,0 -1

XIN+ 1 - 40 =
YN - J+2,) -
Ly + HY

/SLFOZBSQ/’I\\ 12

\\\\\THUE

/5LF 02900/ 13
NP = TP 4 1|

2.05
750
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